We have used spectral karyotyping to assess potential roles of three different components of the nonhomologous DNA endjoining pathway in the maintenance of genomic stability in mouse embryonic fibroblasts (MEFs). MEFs homozygous for mutations that inactivate either DNA ligase IV (Lig4) or Ku70 display dramatic genomic instability, even in the absence of exogenous DNA damaging agents. These aberrant events range from chromosomal fragmentation to nonreciprocal translocations that can involve several chromosomes. DNA-dependent protein kinase catalytic subunit deficiency also promotes genome instability. Deficiency for the p53 cell cycle checkpoint protein has little effect on spontaneous levels of chromosomal instability in Lig4-deficient fibroblasts. However, in the context of ionizing radiation treatment, p53 deficiency allowed visualization of massive acute chromosomal destruction in Lig4-deficient MEFs, which in surviving cells manifested as frequent nonreciprocal translocations. We conclude that nonhomologous DNA end-joining plays a crucial role as a caretaker of the mammalian genome, and that an alternative repair pathway exists that often leads to nonreciprocal translocations.
I
n mammalian cells, DNA double-strand breaks (DSBs) may result from normal metabolic processes, DNA damaging agents such as ionizing radiation (IR), or specific enzymes such as that which initiates V(D)J recombination in developing lymphocytes (1, 2) . Unrepaired DSBs can have severe cellular consequences ranging from death to neoplastic transformation (3, 4) . Mammalian cells generally repair DSBs either by the homologous recombination (HR) or by the nonhomologous DNA end-joining (NHEJ) pathways. There are five known components of the NHEJ pathway. Three are subunits of the DNA-dependent protein kinase (DNA-PK), including the Ku70 and Ku80 proteins, which form a DNA end-binding complex (Ku) and the catalytic subunit (DNA-PKcs). The other two components are the DNA ligase IV (Lig4) and XRCC4 proteins, which likely act as a complex to catalyze the ligation step in the reaction (5) .
Cells deficient in Ku70, Ku80, Lig4, and XRCC4 exhibit premature senescence, severely impaired V(D)J recombination, and sensitivity to DNA damaging agents that induce DSBs (6) (7) (8) (9) (10) (11) (12) . Inactivation of any of these four genes in mice leads to multiple defects including growth deficiency, severe combined immunodeficiency, and massively increased apoptosis of newly derived, postmitotic neurons (12) (13) (14) . DNA-PKcs deficiency also results in sensitivity to DNA damaging agents and impaired V(D)J recombination, but its absence does not lead to as severe a spectrum of defects in mice as deficiencies in the other four known NHEJ components. The less severe consequences of DNA-PKcs deficiency compared with Ku70 or Ku80 deficiency suggests that the latter proteins have functions independent of the DNA-PK holoenzyme (13, 15, 16) .
NHEJ deficiencies can lead to increased rates of neoplastic transformation. T cell lymphomas and increased fibroblast transformation have been reported in the context of Ku70 deficiency (8, 17) . In addition, a Lig4 mutation has been implicated in a human leukemia patient who died from radiation sensitivity (18) . Finally, introduction of the DNA-PKcs or XRCC4-deficient background onto a p53-deficient background led to the appearance, at very high frequency, of pro-B cell lymphomas (3, 4) . In the XRCC4-deficient, p53-deficient background, these lymphomas frequently harbored translocations involving the Ig heavy chain locus and the c-myc locus. Previous studies have demonstrated that the HR pathway plays an important role in maintaining chromosomal stability in both murine and avian systems (19, 20) . However, the frequent translocations in the XRCC4-deficient, p53-deficient lymphomas raised the possibility that the NHEJ also may contribute to the general maintenance of genomic stability.
To further elucidate the role of NHEJ in the prevention of karyotypic instability that may contribute to malignant transformation, we have used spectral karyotyping (SKY) technology to analyze metaphase chromosomes of normally growing mouse embryonic fibroblasts (MEFs) deficient in either DNA-PKcs (DNA-PKcs Ϫ/Ϫ ), Ku70 (Ku70
). SKY allows for the unambiguous identification of all mouse chromosomes (21) . In addition, the process involves high-resolution color and gray-scale digital photography and software-based enhancement that may permit identification of chromosomal anomalies not observed with traditional microscopy and photography (22) . These studies demonstrate that the NHEJ pathway plays a major role in the suppression of genomic instability including translocations.
Materials and Methods
Generation of Lig4͞p53-Deficient Mice. The generation of Lig4-deficient mice has been reported (11) . Lig4 heterozygous mice were crossed to p53-deficient mice (Taconic Farms; TSG-p53) to obtain Lig4 ϩ/Ϫ p53 ϩ/Ϫ mice. The double heterozygous mice were intercrossed to obtain embryos of all relevant genotypes for analyses of chromosomal stability and growth of cells in culture.
SKY Analyses. MEFs were generated from 13.5-day-old embryos by using standard methods. Passage 3-5 MEFs (1 ϫ 10 6 ) were plated onto gelatinized 10-cm dishes and cultured for 16 h.
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Colcemid (GIBCO͞BRL; KaryoMAX Colcemid solution) was added to the cultures (100 ng͞ml), and the cultures were incubated for 3 h to arrest proliferating cells at metaphase. To examine the effects of IR, MEFs were exposed to 500 rads of IR and allowed to recover at 37°C for 24 h before fixation. The block of internal organs from 13.5-day-old embryos was physically dissociated by using nylon mesh, and the cell suspension was immediately fixed for preparation of metaphases. Chromosomal aberrations were quantified by using a Nikon Eclipse microscope equipped with an Applied Spectral Imaging interferometer and 40ϫ and 63ϫ objectives. Cr source and plated onto gelatinized 6-cm dishes. The cells were trypsinized and processed as described above.
Results
Chromosomal Instablity in NHEJ-Deficient Embryonic Cells. We found that Ku70 Ϫ/Ϫ and Lig4
Ϫ/Ϫ
MEFs had dramatic chromosomal instability compared with wild-type controls ( Table 1 ). The unstable karyotypes of NHEJ-deficient cells featured chromosome and chromatid fragmentation, as well as the presence of acentric marker chromosomes (Table 1 and Fig. 1 ). Parallel studies using traditional techniques also have suggested frequent occurrence of such fragmentation in cells lacking Ku80 or DNA-PKcs (23, 24) . Translocations are well documented to be contributory to many malignancies, with reciprocal translocations predominating in lymphoid tumors (25) and nonreciprocal translocations predominating in many solid tumors (26) . With SKY technology we have been able to ask whether spontaneous DNA lesions in NHEJ-deficient cells are substrates for alternative DSB repair mechanisms that lead to translocations. Both Lig4 and Ku70 deficiency indeed led to translocations (Table 1 and Fig. 2 ). These aberrant events included both simple translocations involving two chromosomes, as well as complex translocations involving more than two chromosomes ( Figs. 1 and 2) . All of the translocations are nonreciprocal and present in either one or two copies. We also found an increased level of chromosomal anomalies in DNA-PKcs Ϫ/Ϫ MEFs (Table 1 ). Although our current studies were not intended to define subtle differences among the mutant phenotypes, it is notable that no translocations were found in the DNA-PKcs mutant MEFs and that the percentage of metaphases with fragments was lower than those of other mutant lines (Table  1) . A recent study also has reported increased levels of chromosomal anomalies in fibroblasts derived from adult mice that were heterozygous for Lig4 or Ku80 inactivating mutations (24) . In our analyses, we did not find increased levels of abnormalities in either Lig4
MEFs (data not shown). Additional analyses will be required to determine whether this apparent difference from the previous findings with adult fibroblasts represents accumulation of chromosomal defects over time, a differential requirement for these proteins for chromosomal stability in adult versus embryonic fibroblasts, or some other factor.
In combination, the total number of NHEJ mutant karyotypes that we have analyzed by SKY is highly significant and definitively demonstrates a role for this pathway in maintaining chromosomal stability (Table 1 ). In addition, we have shown that XRCC4 deficiency similarly leads to chromosomal instability in parallel studies (4) . However, an important question was whether the dramatic requirement for NHEJ components to maintain chromosome stability was limited to cultured cells. To address this issue, we prepared metaphases from abdominal organ blocks of mid gestation embryos without culture or the use of colcemid. Of 10 metaphases from a wild-type and 10 from a Lig4 
The numbers to the right of the categories of events are the total events of that type. Some metaphases had more than one event of a particular type and others a mixture of types of events. Two embryos each for wild type (WT), Lig4 Ϫ͞Ϫ , and Lig4 Ϫ͞Ϫ p53 Ϫ͞Ϫ were analyzed, with duplicates yielding similar results. One each of the remaining genotypes were analyzed. *The percentage of metaphases with any structural abnormality. Aneuploidy was not considered because all genotypes of midpassage MEFs tend to become near tetraploid. † Sum of events arising in the three NHEJ mutant cell lines (denoted by ‡). wild-type metaphases were numerically and structurally normal (data not shown); whereas two Lig4 Ϫ/Ϫ metaphases had one chromosomal fragment each, and a third had a simple nonreciprocal translocation (Fig. 2b) . These studies confirm that NHEJ is required for the maintenance of genomic stability in cells that have never been exposed to in vitro culture conditions.
The NHEJ Pathway Plays a Major Role in the Repair of IR-Induced
Chromsomal Damage. NHEJ mutant cells are highly sensitive to IR and chemical agents that cause DSBs. To examine the cytogenetic consequences of IR in NHEJ-deficient cells, we sought to examine chromosomes by SKY 24 h after exposure of wild-type and Lig4
MEFs to 500 rads of IR. However, no metaphases could be obtained from Lig4 Ϫ/Ϫ MEFs after irradiation; whereas wild-type metaphases were readily formed, albeit with a reduced mitotic index (data not shown). IR likely induces a cell cycle arrest that prevents progression to M phase in Lig4 Ϫ/Ϫ MEFs because of its inability to repair DNA damage (11) . In hopes of circumventing this arrest and allowing irradiated Lig4 Ϫ/Ϫ cells to proceed into metaphase, we similarly assayed MEFs deficient for both Lig4, as well as for the p53 cell cycle checkpoint protein (27) . Notably, p53 deficiency had no obvious effect on the level of increased spontaneous karyotypic instability observed in Lig4 Ϫ/Ϫ MEFs; in addition, there was no difference in the types of aberrations found in the Lig4 Fig. 2c; Table 1 ). However, p53 deficiency did allow us to obtain metaphases, at reduced numbers compared with controls, from the irradiated Lig4
MEFs (data not shown). Strikingly, 24 h after irradiation Lig4
MEF metaphases displayed massive chromosomal fragmentation (Fig. 3b) , in contrast to those of wild-type (Fig. 3a) or p53
MEFs (data not shown), in which an average of only two aberrations per metaphase was observed.
A population of Lig4
MEFs apparently recover and begin to proliferate 8 days after IR, implying a different repair pathway can be used in the absence of NHEJ and appropriate cell cycle checkpoints (data not shown). To examine the cytogenetic events that have occurred in this population, metaphases were examined by SKY 12 days after IR. Nine of 18 Lig4 Ϫ/Ϫ p53 Ϫ/Ϫ double mutant cells harbored at least one nonreciprocal translocation, with as many as three occurring in a single metaphase. Numerous small dicentric fragments and chromatid breaks also were observed (Table 2 ). Only two of 18 cells had no cytogenetic aberrations as assayed by SKY. Nineteen wild-type IR survivors also were analyzed. Fifteen had no identifiable aberration, whereas one had three chromosomal fusions, one had a dicentric fragment, and one had a chromatid break. The remaining metaphase contained a reciprocal translocation, unlike all of the IR-induced and spontaneous translocations in NHEJ-deficient cells, which were The numbers to the right of the categories of events are the total events of that type. Some metaphases had more than one event of a particular type and others, a mixture of types of events. *The percentage of metaphases with any structural abnormality. Aneuploidy was not considered because all genotypes of midpassage MEFs tend to become near tetraploid.
nonreciprocal (Fig. 3 c and d) . Thus, in proliferating Lig4
cells, IR exposure raised the frequency of nonreciprocal translocations from 14% to 50% and increased the overall percentage of cells with a chromosomal aberration from 64% to 89%. In contrast, only 21% of wild-type survivors of IR treatment had chromosomal aberrations as assayed by SKY, demonstrating the vital role of NHEJ in restoring karyotypic integrity after extensive radiationinduced DNA damage.
Discussion
We have found that deficiency for Lig4 or Ku70 leads to a striking chromosomal instability, even in the absence of exogenous DNA damaging agents. DNA-PKcs deficiency also leads to chromosomal instability, although possibly at reduced levels. In separate studies, we also have shown that deficiency for XRCC4 similarly leads to chromosomal anomalies in MEFs (4) . The presence of various forms of chromosomal fragments in these different NHEJ-deficient cells supports a role of the NHEJ pathway in the direct religation of broken chromosomes. Similar conclusions also were reached by parallel studies that used traditional techniques (23, 24) . However, with SKY we have further demonstrated that the fate of DSBs in NHEJ-deficient fibroblasts is not limited to the mere formation of chromosomal fragments. Thus, we show that DSBs also can lead to nonreciprocal translocations. This outcome holds both for spontaneous and IR-induced damage.
In eukaryotes, the maintenance of chromosomal stability in the face of spontaneous or exogenously induced DSBs is ensured both by NHEJ and HR (28) . Several studies have established a role for HR in maintaining chromosomal stability in both murine and avian systems. Repressed expression of Rad51, a key component of the HR machinery, in chicken DT40 cells lead to rapid cessation of cell division accompanied by chromosomal fragmentation (20) . In this same system, Ku70 depletion had little effect on chromosomal stability (29) . This finding, combined with experiments that showed end joining in murine cells sometimes is accompanied by deletions, led some to speculate that the NHEJ pathway is mutagenic, and its potential activity for maintaining chromosomal stability may be suppressed in favor of a more accurate HR pathway (19) . However, our results suggest that the NHEJ pathway is not indiscriminant and, in fact, strongly favors religation to the appropriate partner after a DSB, a notion supported by our finding that translocations are infrequent in irradiated wild-type cells after IR sufficient to generate numerous DSBs.
Our findings show that a mechanism must exist that is capable of repairing breaks in the absence of NHEJ, but that this mechanism often leads to promiscuous interchromosomal interactions, resulting in nonreciprocal translocations. Although such a pathway may involve a second end-joining mechanism, HR also is a likely candidate. In yeast, it has been demonstrated that the HR pathway can catalyze the formation of nonreciprocal translocations (30) . These events were initiated through invasion of an intact chromosome by a free DSB created by endonuclease cleavage. Invasion of one free end into a region of homologous sequence on an intact heterologous chromosome initiated break-induced replication, that in some cases spanned the entire length of the chromosome arm, resulting in a nonreciprocal translocation. If HR is indeed responsible for the nonreciprocal translocations that we observe, they are likely formed by a mechanism that avoids formation of Holliday junctions (31) , which often would lead to reciprocal translocations via crossover events. The predominance of nonreciprocal translocations favors models for the generation of translocations in NHEJdeficient cells that involve a close association between strand exchange and replication fork movement, without formation of Holliday intermediates (32) (33) (34) .
We conclude that the NHEJ pathway of DSB repair is a crucial caretaker of the mammalian genome, acting on spontaneous as well as exogenously induced chromosomal damage. NHEJ deficiency can lead to the frequent formation of potentially oncogenic nonreciprocal translocations that apparently are generated by an alternative DSB repair pathway that is prone to errors that lead to interchromosomal recombination events.
